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Phenotypic heterogeneity describes the variation that exists between individual cells,
spores or other biological entities within genetically-uniform populations of fungi or other
organisms. Studies over the last 10e15 years have successfully used laboratory- and
modelling-based approaches to demonstrate the prevalence of phenotypic heterogeneity
and characterise the molecular bases of the phenomenon (primarily centred around het-
erogeneous gene expression). In contrast to progress in these areas, the relevance of
phenotypic heterogeneity for the competitive success of organisms in different natural sce-
narios, although widely speculated upon, has only recently begun to be investigated. This
review addresses this latter question as tackled in recent studies with yeasts and filamen-
tous fungi. We concentrate on the relevance to fungal activities such as survival against
environmental stressors, pathogenesis, and spoilage. We also discuss methodologies for
interrogating phenotypic heterogeneity in fungi. The emerging prevalence and apparent
importance of fungal phenotypic heterogeneity provides a timely reminder that certain,
potentially core aspects of fungal biology still remain widely under-explored.
ª 2016 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).1. Introduction observed that not all of the cells of a population will loseIn the context of microbiology, ‘phenotypic heterogeneity’ re-
fers to the phenomenon whereby individual cells within
clonally-derived populations, that have a uniform genetic
background, can nevertheless display differences in pheno-
type (i.e., heterogeneity). This phenomenon (also termed
‘non-genotypic heterogeneity’) is likely to be observable in
almost any phenotype. One classic example is evident when
clonally-derived microbial cells are exposed to harmful
stressors (Sumner et al., 2003; Levy et al., 2012; Holland et al.,
2014; Guyot et al., 2015). In this situation it is frequently.ac.uk (S. V. Avery).
Elsevier Ltd on behalf of B
icenses/by/4.0/).viability simultaneously. Instead, aminority of cells often sur-
vive at levels of exposure that kill most of the sibling cells,
despite all of the cells being genetically uniform. In the case
of fungi, phenotypic heterogeneity may encompass variation
seen between genetically-uniform populations of single cells,
such as those formed by ascomycete and basidiomycete
yeasts, between genetically identicalmitospores, and between
genetically uniform hyphal compartments of filamentous
fungi. Several mechanisms underlying heterogeneity have
been described, which are largely manifested via differential
gene expression (gene expression noise). That is, if one orritish Mycological Society. This is an open access article under the
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at a different level in different cells or spores, heterogeneity
in the phenotype is likely to result. Therefore, heterogeneous
phenotypes are usually traceable to heterogeneity in levels of
particular transcripts or in their (post-)translational regula-
tion. The molecular bases for heterogeneity have been
reviewed in depth elsewhere (Avery, 2006; Munsky et al.,
2012; Coulon et al., 2013; Symmons and Raj, 2016).
Phenotypic heterogeneity is potentially of great significance
in fungal biology and ecology. For example, it may result in the
survival of a subset of cells or hyphae whichmay then go on to
mount adaptive responses and allow re-establishment of pop-
ulations, critical for the survival of species (Avery, 2006).
Furthermore, given that thedegreeofphenotypicheterogeneity
can vary between different strains of the same species, it can
provide an extra, often not appreciated, level of variation
conferring anadaptive advantage uponwhichnatural selection
can act (Blake et al., 2006; Yvert et al., 2013; Holland et al., 2014).
Phenotypic heterogeneity is also potentially of great
applied significance. In addition to survival in response to
environmental stress, the phenomenon might also be impor-
tant in terms of virulence whereby certain cells within a pop-
ulation might display enhanced pathogenicity and/or
resistance to antifungal drugs (LaFleur et al., 2006; Halliwell
et al., 2012; Pierce and Kumamoto, 2012; Bezerra et al., 2013).
Similarly, with respect to food spoilage certain cells or spores
might be able to survive treatment by preservatives that
otherwise kill all other members of the population (SteelsTable 1 e Methods for quantifying phenotypic heterogeneity in
Approach Method
Dose-response analysis % Colony forming units (CFUs) in microtiter
% CFUs on agar dishes
Flow cytometry Gene expression reporters
Metabolic staining
Live/dead staining
Intracellular cytoplasmic-pH measurement
Single cell X-ray
Single cell, hyphal and
colony imaging
High throughput single cell microscopy
Microfluidics
Macrocolony size/growth rate variation
Microcolony size/growth rate size variation
Filamentous fungal macrocolony imaging
Membrane-fluidity probing
Fluorescence markers of single-cell growth
BONCAT-FISHa
Nonlinear spectral microscopy (NLSM)
Mass spectrometry Single cell ICP-MS
Microarrays for mass spectrometry (MAMS) p
NanoSIMSa
Other Single-cell RNA-seqa
Single-hypha transcriptomics
Zonal secretomics in fungal mycelium
a Method developed in other cell systems, but with potential for applicaet al., 2000; Stratford et al., 2013). Finally, there might also be
biotechnological applications if certain cells within popula-
tions produce higher levels of desirable metabolites or pro-
teins (Papagianni, 2004; Krijgsheld et al., 2013; Xiao et al., 2016).2. Methods for determining phenotypic het-
erogeneity in fungi
The ability to examine single cells microscopically and to cul-
ture them discretely as single colonies has been available for
nearly as long as the field of microbiology has existed. It is
only with the emergence of phenotypic heterogeneity as a ma-
jor field of study over the last 10e15 years that a range of new
methods have been developed to examine phenotypic vari-
ability between single yeast and other fungal cells. Phenotypic
variability may be present in a population as part of a normal
distribution, skewed distribution or biphasic distribution,
reflective of the underlying mechanism or evolutionary strat-
egy. Therefore, examining the shape as well as the extent of
the phenotype’s distribution can help resolve the source and
role of phenotypic heterogeneity in a population. Colony form-
ing ability provides a classic binary assessment of single cell
viability (Table 1). A quantitative measure of heterogeneity in
response to a drug or stressor can be achieved by comparing
the ability of single cells to form colonies over a range of doses
(Fig. 1). The gradient of the doseeresponse curve depicts the
extent of population stress-response heterogeneity, revealingfungal populations.
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Fig. 1 e Dose response analysis for quantification of heterogeneity. (A) Decline in colony forming units (CFUs) is determined
across a range of increasing stressor doses. (B) The slopes of the resultant doseeresponse curves reflect the extent of het-
erogeneity in resistance to the stressor, with a shallow slope representing high heterogeneity. In the example shown, the
indicated high dose (vertical dotted line) yields a larger proportion of surviving cells in the high heterogeneity population,
despite this population having a lower mean-resistance (IC50; not marked).
Fig. 2 e Vitality analysis of single yeast cells. Flow cyto-
metric analysis of wild type S. cerevisiae (red), a high-
heterogeneity vma3Dmutant (Bishop et al., 2007) (blue), and
heat-killed cells (grey), after staining with vitality probe
Phloxine B (Noda, 2008). Increasing fluorescence indicates
decreasing vitality, with the width of the peaks reflecting
population heterogeneity. Unpublished data: S.K. Hewitt,
P.S. Dyer, S.V. Avery.
178 S. K. Hewitt et al.the presence of subpopulations or rare persisters in a
population (Sumner et al., 2003; Bishop et al., 2007; Stratford
et al., 2013; Holland et al., 2014). Fluorescent probes are valuable,
alternative indicators of single cell phenotypes. Flow cytomet-
ric analysis of cell fluorescence is tailor-made for single cell
measurements and can be used to examine heterogeneity of
spore, germling or yeast populations according to gene expres-
sion (Blake et al., 2006; Levy et al., 2012; Liu et al., 2015), cell
viability (Wenisch et al., 1997; Attfield et al., 2001; Guyot et al.,
2015) or cell vitality; the latter application may make use of
dyes sensitive to membrane potential such as Rhodamine 123
and DiBAC4(3) (Davey et al., 2004; Guyot et al., 2015) or calibrated
measurements of intracellular pH which reflect proton extru-
sion rate as an indicator of metabolic function (Weigert et al.,
2009; Stratford et al., 2014). Crucially, when assessing pheno-
typic heterogeneity using flow cytometry, care should be taken
to eliminate the potentially confounding factors of individual
cell size and the presence of cell aggregates (e.g., cell doublets
versus budding cells) by using appropriate gating and/ormath-
ematical corrections (Wersto et al., 2001; Knijnenburg et al.,
2011). Probes such as Phloxine B that report on metabolism-
dependentmembrane transporter activity also provide a useful
measure of vitality (Noda, 2008) (Fig. 2). More recent develop-
ments have included flow cytometric measurement of the up-
take of stressors like metals into individual cells (Crawford
et al., 2016); differential uptake of drugs or stressors in different
cells is one likely cause of heterogeneous responses or adapta-
tion. Related to this, mass spectrometry-based methods
employ single cell ICP-MS (Groombridge et al., 2013; Wang
et al., 2015) andmicroarray formass spectrometry (MAMS) plat-
forms (Ibanez et al., 2013) for elemental and metabolome anal-
ysis in single cells, respectively. Furthermore, techniques such
as nanometer-scale secondary ion mass spectrometry (Nano-
SIMS) (Zimmermann et al., 2015) have been used to quantify
phenotypic heterogeneity inN2 andCO2 fixation activity in bac-
terial cells and may have future applications in fungi. Another
technique with potential application to fungi is fluorescence
microscopy-based bioorthogonal noncanonical amino acid
tagging (BONCAT) (Dieterich et al., 2006). BONCAT enables thequantification and tracking of protein synthesis in single cells.
It can be used in combination with other single-cell methods
like rRNA-targeted fluorescence in situ hybridisation (FISH) for
concurrent taxonomic identification inenvironmentalmicrobi-
al samples (Hatzenpichler et al., 2014), potentially enabling in
situ snapshots of microbial phenotypic heterogeneity. Single-
cell RNA-seq provides phenotypic data at its primary source,
geneexpression. Single-cell RT-PCRhasbeenwidelyusedwhile
moregenome-wide technologieshavebeen, andcontinue tobe,
developed including the Fluidigm and molecular-indexing
platforms (Tang et al., 2010; Fan et al., 2015). As the cost and
technical difficulty of these approaches decreases, their appli-
cation will expand beyond current limited contexts and may
Phenotypic heterogeneity in fungi 179provide new dimensions in the analysis of fungal phenotypic
heterogeneity.
Growth rate heterogeneity
Several of the above approaches may help to infer the hetero-
geneity of physiological status within a cell population by
relaying information concerning variation in substrates or
metabolites present in single cells. However, in most cases
these measurements relate to specific metabolic pathways
or functions that might not necessarily reflect global physio-
logical status. The latter is important for addressing many
questions relevant to phenotypic heterogeneity and there is
probably no better measure of the global physiological status
of a cell than its growth rate (Dusny and Schmid, 2015). To
assess growth rates of single yeast cells in high-throughput,
the formation of microscopic colonies on agar has beenmoni-
tored over time, in an automated manner (Levy et al., 2012).
The reader is referred to Weaver et al. (2014) for a focused re-
view of high throughput single-cell microtechnologies. Het-
erogeneity of micro-colony growth rates was increased in a
number of yeast deletion mutants, implying a role for the
deleted functions in buffering variation of single cell (micro-
colony) growth rate (Levy et al., 2012). A recent adaptation of
this approach involved analysis of yeast microcolony forma-
tion in broth media, which allowed purification of slow and
fast-dividing cells by FACS (van Dijk et al., 2015). Variation in
size of macroscopic (visible) colonies may serve as a down-
stream indicator of variation in the initial division-rates of
cells on solid medium. It should be noted that the further
from those initial cell-divisions that the measurement is
taken, the more blunted it may become due to subsequent di-
vergences in growth rates of individual cells within each
growing macrocolony. Increased macrocolony size heteroge-
neity was observed in Zygosaccharomyces bailii under weak
acid stress, due to a slow-growing, resistant subpopulation
(Stratford et al., 2014). A more optimal level of fitness, via
stress resistance for example, may develop over time by
specialisation of individual cells within a colony and coopera-
tion with neighbouring cells, such as by metabolite exchange
or toxicant removal (Ackermann, 2015; Campbell et al., 2015,
2016).
Advances inmicroscopy andmicrofluidic technologies have
enabled improved direct monitoring and modelling of single
cell growth-rate phenotypes. A number of single-cell morpho-
logical characteristics can be analysed via principal component
analyses (PCA) to reflect the “phenotypic potential” of a popula-
tion, allowing comparison of the level of cellecell variation be-
tween yeast strains (Yvert et al., 2013; Bauer et al., 2015). The
application of other high-content imaging and statistical tools
to single-cell studies have been discussed elsewhere (Geiler-
Samerotte et al., 2013). Time-lapsemicroscopywith single S. cer-
evisiae cells expressing a fluorescent reporter of actin-gene
expression was found to provide a reliable indicator of cell
size and single-cell growth rate (di Talia et al., 2007). A reporter
of ribosomal-protein gene expression has been used elsewhere
for a similar purpose (Carlquist et al., 2012). Theseapproaches to
trace single-cell growth rate require a genetically manipulat-
able host. Capture or adherence of single cellswithinmicroflui-
dic chips allows for long-termmonitoring of single cell divisionand tracking over a number of generations. Most devices are
designed for replicative life-span measurement, but could be
adapted for comparison of single cell growth rate under
different conditions or between different strains (Fehrmann
et al., 2013; Nobs and Maerkl, 2014; Hansen et al., 2015; Chen
et al., 2016). As above, themost desirablemethods for heteroge-
neity applications would provide short-term snapshots of
instantaneous growth rate, not subject to averaging effects of
a growth-rate measurement that spans generations. Electrical
impedance spectroscopy with single cells has been achieved
by incorporation of electrodes into microfluidic devices,
thereby allowing the non-invasive monitoring of cell length
and nuclear division of trapped Schizosaccharomyces pombe cells
(Zhu et al., 2015). However, Saccharomyces cerevisiae is not so
easily trapped and oriented, causing inconsistent measure-
ments in this species (Zhu et al., 2014).Heterogeneity in filamentous fungi
Filamentous fungi pose a more complex model for investi-
gating phenotypic heterogeneity. Their largely syncytial cyto-
plasm creates a more genetically intricate environment,
which can be partially compartmentalised by septa in asco-
mycete and basidiomycete fungi. This means that gene
expression bymultiple nuclei can contribute to the phenotype
of a given hyphal compartment, suggesting that some aver-
aging of any gene expression noise might occur and result in
reduced heterogeneity. However, many filamentous fungi
only contain 2e4 nuclei per compartment (Kaminskyj and
Hamer, 1998; Shen et al., 2014). Furthermore, studies onmodel
species suggest that nuclear division only occurs at apical tips
and is largely synchronous (Kaminskyj and Hamer, 1998;
Momany, 2001; Gladfelter, 2006). Given that apical tips will
be at varying stages of development (hence with nuclei at
different stages of the cell cycle) there is a further possibility
for non-genotypic heterogeneity. Indeed there is some evi-
dence of this phenomenon in ascomycete fungi, discussed
further below (de Bekker et al., 2011a, 2011b; Bleichrodt et al.,
2012, 2013, 2015b).
There is scope to measure phenotypic heterogeneity at
least at three different levels in filamentous fungi: variation
between individual spores (e.g., during spore formation,
quiescence or germination), variation between individual hy-
phae of a single mycelium (W€osten et al., 2013), or variation in
amean phenotype between different, isogenicmycelia (Fig. 3).
In principle, variation may arise at any of these levels and in
any phenotype, including rate of hyphal growth or resistance
to environmental stressors and antifungals. Although several
of the methods described above are applicable to fungi gener-
ally, there remains a scarcity of dedicated approaches for
investigating heterogeneity in the filamentous growth form.
This is set to change, with some of the newest developments
encompassed in the next section, below.3. Role of phenotypic heterogeneity in the
biology and performance of fungi
The prevalence of phenotypic heterogeneity in fungi and other
microorganisms is now well established, across a range of
Fig. 3 e Different forms of phenotypic heterogeneity in a filamentous fungus. (A) Inter-spore variation. (B) Variation between
individual hyphae of a single mycelium. (C) Variation in average phenotype between isogenic mycelia.
180 S. K. Hewitt et al.phenotypes.What is far lesswidely characterised is the impact
of such heterogeneity, beneficial or otherwise, on the compet-
itiveness or general biology of fungi. Phenotypic heterogeneity
and/or the presence of rare survivors has been demonstrated
to increase fitness or survival of fungal populations exposed
to stressors in the laboratory (Blake et al., 2006; Smith et al.,
2007; Bishop et al., 2007; Holland et al., 2014; Liu et al., 2015).
Several of these studies have compared populations matched
for mean phenotype (e.g., IC50) but with differing heterogene-
ities. The benefits of high cellecell variability have also been
demonstrated computationally: modelling and simulations
can function both as complementary (Blake et al., 2006) and
stand-alone (Hellweger et al., 2014) methods for validating or
predicting the influence of phenotypic heterogeneity on fungal
populations, particularly in fluctuating environments (Thattai
and van Oudenaarden, 2004; Acar et al., 2008, Gaal et al., 2010).
There is evidence that the extent or dynamics of phenotypic
heterogeneity in yeast populationsmay become tuned to their
particular environment (Acar et al., 2008; Yvert et al., 2013).
Recently it was established that increases in the heterogeneity
(and epigenetic inheritance) of yeast-cell division times could
result in increased population growth rate, i.e., increased
fitness (Cerulus et al., 2016).
Environmental stress
Studies have begun to assess the potential roles of phenotypic
heterogeneity in the success of fungi in the contexts of fungal
ecology (Yvert et al., 2013; Holland et al., 2014; Guyot et al.,
2015), pathogenesis (Halliwell et al., 2012; Pierce and
Kumamoto, 2012) and food spoilage (Steels et al., 2000;
Stratford et al., 2013, 2014). From an ecological perspective,
populations with high cellecell variability may be better
equipped to deal with anthropological environmental stresses
such as industrial pollutants. Wild yeast populations isolated
from heavy metal or sulphur dioxide-contaminated environ-
ments showed a higher level of heterogeneity (in resistance
to the relevant toxicants) compared to isolates of the same
species from unpolluted control sites, and this heterogeneity
appeared to have been subject to stronger evolutionary selec-
tion than the trait of population-mean resistance (Hollandet al., 2014). A high level of heterogeneity has also been
observed in the response to heat shock of S. cerevisiae, with
individual-cell thermal resistance being negatively correlated
with growth rate (Levy et al., 2012). Slower growing cells
tended to have a higher replicative age, a correlation which
may form the basis for an age-dependent bet-hedging strategy
that benefits yeast cell populations, at least under low fre-
quency, high intensity heat shock (Hellweger et al., 2014). In
addition, slower growing cells have a higher freeze-thaw
stress resistance, whereby cells exhibit a trade-off between
membrane robustness (ability to withstand freeze-thaw cy-
cles) and growth rate (Carlquist et al., 2012). Interestingly,
Guyot et al. (2015) identified subpopulations within S. cerevisiae
cultures in which thermal damage was reversible and these
cells were able to seed recovery of entire populations,
providing an example of the advantages of a heterogeneous
population.
Evidence for phenotypic heterogeneity in filamentous fungi
Recent work supports the prevalence of non-genotypic varia-
tion also in filamentous fungi. Nonlinear spectral microscopy
(NLSM) non-invasively maps the autofluorescence emission
spectra of fluorophores in biological samples (Zipfel et al.,
2003). By measuring the fluorophores NAD(P)H, flavin adenine
dinucleotide (FAD) and melanin, NLSM has been successfully
applied to mushrooms of Agaricus bisporus to demonstrate
heterogeneous metabolism and pigment formation within
zones throughout individual mushrooms, and even between
neighbouring hyphae (Knaus et al., 2013). Transcript and pro-
tein levels and protein secretion have been reported to vary
both between adjacent hyphae, spatially across colonies and
between micro-colonies of Aspergillus spp. (W€osten et al.,
1991; de Bekker et al., 2011a, 2011b; Vinck et al., 2005, 2011;
Krijgsheld et al., 2013). Expression of GFP from different gene
promoters produced heterogeneous levels of fluorescence be-
tween adjacent hyphae of Aspergillus oryzae (Bleichrodt et al.,
2012). This heterogeneity was suppressed by deletion of the
Aohex1 gene, which encodes a Woronin body structural pro-
tein. Evidence of transient septal plugging by Woronin bodies
in living hyphal segments was also reported (Bleichrodt et al.,
Phenotypic heterogeneity in fungi 1812012). This supported a role for Woronin bodies in functions
other than response to membrane damage, such as possibly
restricting both the streaming and even distribution of organ-
elles, proteins, RNA and nutrients through the cytoplasm.
Such an action may create a more heterogeneous, multicel-
lular structure in healthy mycelia (Bleichrodt et al., 2015a). It
is reasoned that resultant variations in gene expression be-
tween individual hyphae or hyphal compartments may
dictate heterogeneous phenotypes within discrete sections
of mycelia. Novel microfluidics-based tools for monitoring
long-term growth of individual hyphae could help to tease
out such consequences of hyphal heterogeneity (Lee et al.,
2016).
Pathogenic and food-spoilage fungi
From a clinical point of view, high heterogeneity in the cell
population of a fungal pathogen may allow for persistence
in the face of antifungal drugs or host defences. Halliwell
et al. (2012) showed extremely high heterogeneity in the
expression of the virulence-associated adhesin Epa1, of
Candida glabrata. The individual-cell Epa1 expression level
determined the level of adherence to epithelial cells. Candida
glabrataundergoes phenotype switching in response to copper
and other environmental stresses, and switching can occur at
infection sites (Brockert et al., 2003, Srikantha et al., 2005).
There are a number of examples of phenotypic switching in
other fungi, which can contribute to virulence (Jain and
Fries, 2009). The role of phenotypic heterogeneity in producing
antibiotic-resistant persister cells is a phenomenon that is
well reported in bacteria andwhich continues to gain research
traction (Gefen and Balaban, 2009, El-Halfawy and Valvano,
2015). Regarding pathogenic yeast, persistent individuals of
Candida albicans are thought to contribute to the elevated anti-
biotic resistance seen during biofilm formation (LaFleur et al.,
2006; De Brucker et al., 2016). This, like some other aspects of
phenotypic versatility in fungal pathogens (e.g., adaptation
to different host niches), can reflect adaptive responses to
different (micro)environments which does not strictly fall
within the scope of this review.
The chaperone Hsp90 may alter the virulence potential of
fungal pathogens, by modulating in different ways the trans-
lation of genotype (and genotypic variation) to phenotype (and
phenotypic variation) (reviewed by Veri and Cowen, 2014).
Phenotypic diversity in fungi can also be promoted by prion-
dependent errors in mRNA translation or transcriptional
repression (Halfmann et al., 2012). Heterogeneity in the
expression of the C. albicans transcription factor, Efg1, is pro-
posed to enable rapid responses to host immune status, which
is potentially crucial in the balance between commensal and
pathogenic lifestyles of a host’s resident C. albicans population
(Pierce and Kumamoto, 2012). Furthermore, proteome insta-
bility caused by leaky amino acid incorporation during protein
synthesis of C. albicans, has the potential to promote pheno-
typic diversity which impacts drug resistance and host im-
mune cell responses (Bezerra et al., 2013).
Heterogeneity in resistance to stress presents a major
problem in the food industry, because it increases the likeli-
hood that resistant individuals will thrive in foodstuffs usu-
ally considered inhospitable to microorganisms, or willsurvive preservative procedures. The food spoilage yeast Z.
bailii exhibits high resistance to weak-acid preservatives,
which is conferred by a small proportion of the population
which survives high-acid conditions (Steels et al., 2000;
Stratford et al., 2013). Heterogeneity in the cytosolic pH of indi-
vidual cells is one factor that determines single-cell weak acid
tolerance of yeast (Fernandez-Nino et al., 2015). Rare survivors
of weak acid preservative were more common in stationary
phase than exponential phase cultures (Stratford et al., 2014),
suggesting one basis for common observations of
population-averaged stress resistance in stationary phase or-
ganisms. The evidence to date from such studies reinforces
the notion that whereas phenotypic heterogeneity is benefi-
cial from a fungal perspective in that it can enhance the
fitness of populations in changing environments, it may
have detrimental impacts on our battle to control undesirable
pathogenic and spoilage fungi. Focusedwork is now needed to
test these ideas rigorously.4. Concluding remarks
Despite recent progress, the phenotypic consequences of het-
erogeneity in ecological, clinical and industrial contexts are
still largely under-tested and under-studied, especially in fila-
mentous fungi and basal fungal species such as single cell
chytridiomycota and the zygomycota. These are key chal-
lenges now, with potentially major implications for under-
standing how fungi interact successfully with their
environments. It seems likely that phenotypic heterogeneity
enhances the competitiveness of fungi in their diverse life-
styles, including those both beneficial and detrimental to us.
The potential exploitation of phenotypic heterogeneity for
improving fungal processes in biotechnology is a further
area that has yet to be explored. Xiao et al. (2016) recently
developed a procedure for continuously selecting high-per-
forming, non-genotypic variants within bacterial cell popula-
tions, to improve yield from production processes by up to
three-fold. Such examples could pave the way for similar ap-
plications in fungal biotechnology. Indeed, in the coming
years we anticipate that phenotypic heterogeneity will
become increasingly recognised as a key fungal trait, modu-
lating diverse, fundamental aspects of fungal activity.Acknowledgement
This work was supported by the Natural Environment
Research Council (grant number NE/L006553/1) and the
Biotechnology and Biological Sciences Research Council (grant
number BB/N017129/1).r e f e r e n c e s
Acar, M., Mettetal, J.T., van Oudenaarden, A., 2008. Stochastic
switching as a survival strategy in fluctuating environments.
Nat. Genet. 40, 471e475.
182 S. K. Hewitt et al.Ackermann, M., 2015. A functional perspective on phenotypic
heterogeneity in microorganisms. Nat. Rev. Microbiol. 13,
497e508.
Attfield, P.V., Choi, H.Y., Veal, D.A., Bell, P.J.L., 2001. Heterogeneity
of stress gene expression and stress resistance among indi-
vidual cells of Saccharomyces cerevisiae. Mol. Microbiol. 40,
1000e1008.
Avery, S.V., 2006. Microbial cell individuality and the underlying
sources of heterogeneity. Nat. Rev. Microbiol. 4, 577e587.
Bauer, C.R., Li, S., Siegal, M.L., 2015. Essential gene disruptions
reveal complex relationships between phenotypic robustness,
pleiotropy, and fitness. Mol. Syst. Biol. 11, 773.
Bezerra, A.R., Simoes, J., Lee, W., Rung, J., Weil, T., Gut, I.G.,
Gut, M., Bayes, M., Rizzetto, L., Cavalieri, D., Giovannini, G.,
Bozza, S., Romani, L., Kapushesky, M., Moura, G.R.,
Santos, M.A.S., 2013. Reversion of a fungal genetic code alter-
ation links proteome instability with genomic and phenotypic
diversification. Proc. Natl. Acad. Sci. USA 110, 11079e11084.
Bishop, A.L., Rab, F.A., Sumner, E.R., Avery, S.V., 2007. Phenotypic
heterogeneity can enhance rare-cell survival in ‘stress-sensi-
tive’ yeast populations. Mol. Microbiol. 63, 507e520.
Blake, W.J., Balazsi, G., Kohanski, M.A., Isaacs, F.J., Murphy, K.F.,
Kuang, Y., Cantor, C.R., Walt, D.R., Collins, J.J., 2006. Pheno-
typic consequences of promoter-mediated transcriptional
noise. Mol. Cell 24, 853e865.
Bleichrodt, R.J., van Veluw, G.J., Recter, B., Maruyama, J.,
Kitamoto, K., W€osten, H.A.B., 2012. Hyphal heterogeneity in
Aspergillus oryzae is the result of dynamic closure of septa by
Woronin bodies. Mol. Microbiol. 86, 1334e1344.
Bleichrodt, R., Vinck, A., Krijgsheld, P., van Leeuwen, M.R.,
Dijksterhuis, J., W€osten, H.A.B., 2013. Cytosolic streaming in
vegetative mycelium and aerial structures of Aspergillus niger.
Stud. Mycol. 74, 31e46.
Bleichrodt, R.J., Hulsman, M., W€osten, H.A., Reinders, M.J., 2015a.
Switching from a unicellular to multicellular organization in
an Aspergillus niger hypha. mBio 6, e00111.
Bleichrodt, R.J., Vinck, A., Read, N.D., W€osten, H.A.B., 2015b. Se-
lective transport between heterogeneous hyphal compart-
ments via the plasma membrane lining septal walls of
Aspergillus niger. Fungal Genet. Biol. 82, 193e200.
Brockert, P.J., Lachke, S.A., Srikantha, T., Pujol, C., Galask, R.,
Soll, D.R., 2003. Phenotypic switching and mating type
switching of Candida glabrata at sites of colonization. Infect.
Immun. 71, 7109e7118.
Campbell, K., Vowinckel, J., Mulleder, M., Malmsheimer, S.,
Lawrence, N., Calvani, E., Miller-Fleming, L., Alam, M.T.,
Christen, S., Keller, M.A., Ralser, M., 2015. Self-establishing
communities enable cooperative metabolite exchange in a
eukaryote. eLife 4, e09943.
Campbell, K., Vowinckel, J., Ralser, M., 2016. Cell-to-cell hetero-
geneity emerges as consequence of metabolic cooperation in a
synthetic yeast community. Biotechnol. J.. http:
//dx.doi.org/10.1002/biot.201500301.
Carlquist, M., Fernandes, R.L., Helmark, S., Heins, A.L., Lundin, L.,
Sorensen, S.J., Gernaey, K.V., Lantz, A.E., 2012. Physiological
heterogeneities in microbial populations and implications for
physical stress tolerance. Microb. Cell Fact. 11, 94.
Cerulus, B., New, A.M., Pougach, K., Verstrepen, K.J., 2016. Noise
and epigenetic inheritance of single-cell division times influ-
ence population fitness. Curr. Biol. 26, 1138e1147.
Chen, K.L., Crane, M.M., Kaeberlein, M., 2016. Microfluidic tech-
nologies for yeast replicative lifespan studies. Mech. Ageing
Dev. (in press).
Coulon, A., Chow, C.C., Singer, R.H., Larson, D.R., 2013. Eukaryotic
transcriptional dynamics: from single molecules to cell pop-
ulations. Nat. Rev. Genet. 14, 572e584.
Crawford, A.M., Kurecka, P., Yim, T.K., Kozemchak, C., Deb, A.,
Dostal, L., Sun, C.J., Brewe, D.L., Barrea, R., Penner-Hahn, J.E.,2016. Development of a single-cell X-ray fluorescence flow
cytometer. J. Synchrotron Radiat. 23, 901e908.
Davey, H.M., Kell, D.B., Weichart, D.H., Kaprelyants, A.S., 2004. Esti-
mation of microbial viability using flow cytometry. Curr. Protoc.
Cytom.. http://dx.doi.org/10.1002/0471142956.cy1103s29.
de Bekker, C., Bruning, O., Jonker, M.J., Breit, T.M., W€osten, H.A.B.,
2011a. Single cell transcriptomics of neighboring hyphae of
Aspergillus niger. Genome Biol. 12, R71.
de Bekker, C., van Veluw, G.J., Vinck, A., Wiebenga, L.A.,
W€osten, H.A.B., 2011b. Heterogeneity of Aspergillus niger mi-
crocolonies in liquid shaken cultures. Appl. Environ. Micro-
biol. 77, 1263e1267.
De Brucker, K., De Cremer, K., Cammue, B.P., Thevissen, K., 2016.
Protocol for determination of the persister subpopulation in
Candida albicans biofilms. Methods Mol. Biol. 1333, 67e72.
Dieterich, D.C., Link, A.J., Graumann, J., Tirrell, D.A.,
Schuman, E.M., 2006. Selective identification of newly syn-
thesized proteins in mammalian cells using bioorthogonal
noncanonical amino acid tagging (BONCAT). Proc. Natl. Acad.
Sci. USA 103, 9482e9487.
Di Talia, S., Skotheim, J.M., Bean, J.M., Siggia, E.D., Cross, F.R.,
2007. The effects of molecular noise and size control on vari-
ability in the budding yeast cell cycle. Nature 448, 947e952.
Dusny, C., Schmid, A., 2015. Microfluidic single-cell analysis links
boundary environments and individual microbial phenotypes.
Environ. Microbiol. 17, 1839e1856.
El-Halfawy, O.M., Valvano, M.A., 2015. Antimicrobial heterore-
sistance: an emerging field in need of clarity. Clin. Microbiol.
Rev. 28, 191e207.
Fan, H.C., Fu, G.K., Fodor, S.P.A., 2015. Combinatorial labeling of
single cells forgeneexpressioncytometry.Science347, 628e636.
Fehrmann, S., Paoletti, C., Goulev, Y., Ungureanu, A.,
Aguilaniu, H., Charvin, G., 2013. Aging yeast cells undergo a
sharp entry into senescence unrelated to the loss of mito-
chondrial membrane potential. Cell Rep. 5, 1589e1599.
Fernandez-Nino, M., Marquina, M., Swinnen, S., Rodriguez-
Porrata, B., Nevoigt, E., Arino, J., 2015. The cytosolic pH of in-
dividual Saccharomyces cerevisiae cells is a key factor in acetic
acid tolerance. Appl. Environ. Microbiol. 81, 7813e7821.
Gaal, B., Pitchford, J.W., Wood, A.J., 2010. Exact results for the
evolution of stochastic switching in variable asymmetric en-
vironments. Genetics 184, 1113e1119.
Gefen, O., Balaban, N.Q., 2009. The importance of being persis-
tent: heterogeneity of bacterial populations under antibiotic
stress. FEMS Microbiol. Rev. 33, 704e717.
Geiler-Samerotte, K.A., Bauer, C.R., Li, S., Ziv, N., Gresham, D.,
Siegal, M.L., 2013. The details in the distributions: why and
how to study phenotypic variability. Curr. Opin. Biotechnol.
24, 752e759.
Gladfelter, A., 2006. Nuclear anarchy: asynchronous mitosis in
multinucleated fungal hyphae. Curr. Opin. Microbiol. 9,
547e552.
Gladfelter, A.S., Miyashita, S., Fujii, S., Nagasawa, K., Okahashi, T.,
Ohata, M., Umemura, T., Takatsu, A., Inagaki, K., Chiba, K.,
2013. High sensitive elemental analysis of single yeast cells
(Saccharomyces cerevisiae) by time-resolved inductively-coupled
plasma mass spectrometry using a high efficiency cell intro-
duction system. Anal. Sci. 29, 597e603.
Guyot, S., Gervais, P., Young, M., Winckler, P., Dumont, J.,
Davey, H.M., 2015. Surviving the heat: heterogeneity of
response in Saccharomyces cerevisiae provides insight into
thermal damage to the membrane. Environ. Microbiol. 17,
2982e2992.
Halfmann, R., Jarosz, D.F., Jones, S.K., Chang, A., Lancaster, A.K.,
Lindquist, S., 2012. Prions are a common mechanism for
phenotypic inheritance in wild yeasts. Nature 482, 363e368.
Halliwell, S.C., Smith, M.C., Muston, P., Holland, S.L., Avery, S.V.,
2012. Heterogeneous expression of the virulence-related
Phenotypic heterogeneity in fungi 183adhesin Epa1 between individual cells and strains of the
pathogen Candida glabrata. Eukaryot. Cell 11, 141e150.
Hansen, A.S., Hao, N., O’Shea, E.K., 2015. High-throughput mi-
crofluidics to control and measure signaling dynamics in sin-
gle yeast cells. Nat. Protoc. 10, 1181e1197.
Hatzenpichler, R., Scheller, S., Tavormina, P.L., Babin, B.M.,
Tirrell, D.A., Orphan, V.J., 2014. In situ visualization of newly
synthesized proteins in environmental microbes using amino
acid tagging and click chemistry. Environ. Microbiol. 16,
2568e2590.
Hellweger, F.L., Fredrick, N.D., Berges, J.A., 2014. Age-correlated
stress resistance improves fitness of yeast: support from
agent-based simulations. BMC Syst. Biol. 8, 18.
Holland, S.L., Reader, T., Dyer, P.S., Avery, S.V., 2014. Phenotypic
heterogeneity is a selected trait in natural yeast populations
subject to environmental stress. Environ. Microbiol. 16,
1729e1740.
Ibanez, A.J., Fagerer, S.R., Schmidt, A.M., Urban, P.L., Jefimovs, K.,
Geiger, P., Dechant, R., Heinemann, M., Zenobi, R., 2013. Mass
spectrometry-based metabolomics of single yeast cells. Proc.
Natl. Acad. Sci. USA 110, 8790e8794.
Jain, N., Fries, B.C., 2009. Antigenic and phenotypic variations in
fungi. Cell. Microbiol. 11, 1716e1723.
Kaminskyj, S.G., Hamer, J.E., 1998. hyp loci control cell pattern
formation in the vegetative mycelium of Aspergillus nidulans.
Genetics 148, 669e680.
Kell, D.B., Ryder, H.M., Kaprelyants, A.S., Westerhoff, H.V., 1991.
Quantifying heterogeneity: flow cytometry of bacterial cul-
tures. Antonie Van Leeuwenhoek 60, 145e158.
Knaus, H., Blab, G.A., Agronskaia, A.V., van den Heuvel, D.J.,
Gerritsen, H.C., W€osten, H.A., 2013. Monitoring the metabolic
stateof fungalhyphaeandthepresenceofmelaninbynonlinear
spectral imaging. Appl. Environ. Microbiol. 79, 6345e6350.
Knijnenburg, T.A., Roda, O., Wan, Y., Nolan, G.P., Aitchison, J.D.,
Shmulevich, I., 2011. A regression model approach to enable
cell morphology correction in high-throughput flow cytome-
try. Mol. Syst. Biol. 7, 531.
Krijgsheld, P., Nitsche, B.M., Post, H., Levin, A.M., Muller, W.H.,
Heck, A.J.R., Ram, A.F.J., Altelaar, A.F.M., W€osten, H.A.B., 2013.
Deletion of flbA results in increased secretome complexity and
reduced secretion heterogeneity in colonies of Aspergillus
niger. J. Proteome Res. 12, 1808e1819.
LaFleur, M.D., Kumamoto, C.A., Lewis, K., 2006. Candida albicans
biofilms produce antifungal-tolerant persister cells. Antimi-
crob. Agents Chemother. 50, 3839e3846.
Lee, K.K., Labiscsak, L., Ahn, C.H., Hong, C.I., 2016. Spiral-based
microfluidic device for long-term time course imaging of
Neurospora crassa with single nucleus resolution. Fungal
Genet. Biol. 94, 11e14.
Levy, S.F., Ziv, N., Siegal, M.L., 2012. Bet hedging in yeast by het-
erogeneous, age-correlated expression of a stress protectant.
PLoS Biol. 10, e1001325.
Liu, J., Martin-Yken, H., Bigey, F., Dequin, S., Francois, J.M.,
Capp, J.P., 2015. Natural yeast promoter variants reveal epis-
tasis in the generation of transcriptional-mediated noise and
its potential benefit in stressful conditions. Genome Biol. Evol.
7, 969e984.
Lloyd, D., Moran, C.A., Suller, M.T.E., Dinsdale, M.G., Hayes, A.J.,
1996. Flow cytometric monitoring of rhodamine 123 and a
cyanine dye uptake by yeast during cider fermentation. J. Inst.
Brew. 102, 251e259.
Momany, M., 2001. Using microscopy to explore the duplication
cycle. In: Talbot, N. (Ed.), Molecular and Cellular Biology of
Filamentous Fungi: A Practical Approach. Oxford University
Press, Oxford, pp. 119e125.
Munsky, B., Neuert, G., van Oudenaarden, A., 2012. Using gene
expression noise to understand gene regulation. Science 336,
183e187.Nobs, J.B., Maerkl, S.J., 2014. Long-term single cell analysis of S.
pombe on a microfluidic microchemostat array. PLoS One 9,
e93466.
Noda, T., 2008. Viability assays to monitor yeast autophagy.
Methods Enzymol. 451, 27e32.
Papagianni, M., 2004. Fungal morphology and metabolite pro-
duction in submerged mycelial processes. Biotechnol. Adv. 22,
189e259.
Pierce, J.V., Kumamoto, C.A., 2012. Variation in Candida albicans
EFG1 expression enables host-dependent changes in colo-
nizing fungal populations. mBio 3 e00117e12.
Shen, K.F., Osmani, A.H., Govindaraghavan, M., Osmani, S.A.,
2014. Mitotic regulation of fungal cell-to-cell connectivity
through septal pores involves the NIMA kinase. Mol. Biol. Cell
25, 763e775.
Smith, M.C.A., Sumner, E.R., Avery, S.V., 2007. Glutathione and
Gts1p drive beneficial variability in the cadmium resistances
of individual yeast cells. Mol. Microbiol. 66, 699e712.
Srikantha, T., Zhao, R., Daniels, K., Radke, J., Soll, D.R., 2005.
Phenotypic switching in Candida glabrata accompanied by
changes in expression of genes with deduced functions in
copper detoxification and stress. Eukaryot. Cell 4, 1434e1445.
Steels, H., James, S.A., Roberts, I.N., Stratford, M., 2000. Sorbic acid
resistance: the inoculum effect. Yeast 16, 1173e1183.
Stratford, M., Steels, H., Nebe-von-Caron, G., Novodvorska, M.,
Hayer, K., Archer, D.B., 2013. Extreme resistance to weak-acid
preservatives in the spoilage yeast Zygosaccharomyces bailii.
Int. J. Food Microbiol. 166, 126e134.
Stratford, M., Steels, H., Nebe-von-Caron, G., Avery, S.V.,
Novodvorska, M., Archer, D.B., 2014. Population heterogeneity
and dynamics in starter culture and lag phase adaptation of
the spoilage yeast Zygosaccharomyces bailii to weak acid pre-
servatives. Int. J. Food Microbiol. 181, 40e47.
Sumner, E.R., Avery, A.M., Houghton, J.E., Robins, R.A.,
Avery, S.V., 2003. Cell cycle- and age-dependent activation of
Sod1p drives the formation of stress resistant cell subpopu-
lations within clonal yeast cultures. Mol. Microbiol. 50,
857e870.
Symmons, O., Raj, A., 2016. What’s luck got to do with it: single
cells, multiple fates, and biological nondeterminism. Mol. Cell
62, 788e802.
Tang, F., Barbacioru, C., Nordman, E., Li, B., Xu, N., Bashkirov, V.I.,
Lao, K., Surani, M.A., 2010. RNA-seq analysis to capture the
transcriptome landscapeof a single cell.Nat. Protoc. 5, 516e535.
Thattai, M., van Oudenaarden, A., 2004. Stochastic gene expres-
sion in fluctuating environments. Genetics 167, 523e530.
van Dijk, D., Dhar, R., Missarova, A.M., Espinar, L., Blevins, W.R.,
Lehner, B., Carey, L.B., 2015. Slow-growing cells within
isogenic populations have increased RNA polymerase error
rates and DNA damage. Nat. Commun 6, 7972.
Veri, A., Cowen, L.E., 2014. Progress and prospects for targeting
Hsp90 to treat fungal infections. Parasitology 141, 1127e1137.
Vinck, A., Terlou, M., Pestman, W.R., Martens, E.P., Ram, A.F., van
den Hondel, C.A.M.J.J., W€osten, H.A.B., 2005. Hyphal differen-
tiation in the exploring mycelium of Aspergillus niger. Mol.
Microbiol. 58, 693e699.
Vinck, A., de Bekker, C., Ossin, A., Ohm, R.A., de Vries, R.P.,
W€osten, H.A., 2011. Heterogenic expression of genes encoding
secreted proteins at the periphery of Aspergillus niger colonies.
Environ. Microbiol. 13, 216e225.
Wang, H., Wang, B., Wang, M., Zheng, L., Chen, H., Chai, Z.,
Zhao, Y., Feng, W., 2015. Time-resolved ICP-MS analysis of
mineral element contents and distribution patterns in single
cells. Analyst 140, 523e531.
Weaver, W.M., Tseng, P., Kunze, A., Masaeli, M., Chung, A.J.,
Dudani, J.S., Kittur, H., Kulkarni, R.P., Di Carlo, D., 2014. Ad-
vances in high-throughput single-cell microtechnologies.
Curr. Opin. Biotechnol. 25, 114e123.
184 S. K. Hewitt et al.Weigert, C., Steffler, F., Kurz, T., Shellhammer, T.H., Methner, F.J.,
2009. Application of a short intracellular pH method to flow
cytometry for determining Saccharomyces cerevisiae vitality.
Appl. Environ. Microbiol. 75, 5615e5620.
Wenisch, C., Linnau, K.F., Parschalk, B., ZedtwitzLiebenstein, K.,
Georgopoulos, A., 1997. Rapid susceptibility testing of fungi
by flow cytometry using vital staining. J. Clin. Microbiol. 35,
5e10.
Wersto, R.P., Chrest, F.J., Leary, J.F., Morris, C., Stetler-
Stevenson, M.A., Gabrielson, E., 2001. Doublet discrimination
in DNA cell-cycle analysis. Cytometry 46, 296e306.
W€osten, H.A., Moukha, S.M., Sietsma, J.H., Wessels, S.G., 1991.
Localization of growth and secretion of proteins in Aspergillus
niger. J. Gen. Microbiol. 137, 2017e2023.
W€osten, H.A., van Veluw, G.J., de Bekker, C., Krijgsheld, P., 2013.
Heterogeneity in the mycelium: implications for the use of
fungi as cell factories. Biotechnol. Lett. 35, 1155e1164.
Xiao, Y., Bowen, C.H., Liu, D., Zhang, F.Z., 2016. Exploiting
nongenetic cell-to-cell variation for enhanced biosynthesis.
Nat. Chem. Biol. 12, 339e344.
Yvert, G., Ohnuki, S., Nogami, S., Imanaga, Y., Fehrmann, S.,
Schacherer, J., Ohya, Y., 2013. Single-cell phenomics revealsintra-species variation of phenotypic noise in yeast. BMC Syst.
Biol. 7, 54.
Zhu, Z., Frey, O., Franke, F., Haandbaek, N., Hierlemann, A., 2014.
Real-time monitoring of immobilized single yeast cells
through multifrequency electrical impedance spectroscopy.
Anal. Bioanal. Chem. 406, 7015e7025.
Zhu, Z., Frey, O., Haandbaek, N., Franke, F., Rudolf, F.,
Hierlemann, A., 2015. Time-lapse electrical impedance spec-
troscopy for monitoring the cell cycle of single immobilized S.
pombe cells. Sci. Rep. 5, 17180.
Zimmermann, M., Escrig, S., Hubschmann, T., Kirf, M.K.,
Brand, A., Inglis, R.F., Musat, N., Muller, S., Meibom, A.,
Ackermann, M., Schreiber, F., 2015. Phenotypic heterogeneity
in metabolic traits among single cells of a rare bacterial spe-
cies in its natural environment quantified with a combination
of flow cell sorting and NanoSIMS. Front. Microbiol. 6, 243.
Zipfel, W.R., Williams, R.M., Webb, W.W., 2003. Nonlinear magic:
multiphoton microscopy in the biosciences. Nat. Biotechnol.
21, 1369e1377.
Ziv, N., Siegal, M.L., Gresham, D., 2013. Genetic and nongenetic
determinants of cell growth variation assessed by high-
throughput microscopy. Mol. Biol. Evol. 30, 2568e2578.
